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SUMMARY 
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An  experimental  test  program  was  undertaken  in  support 
of  a  study  by  Dr.  Joseph  V.  Foa  of  The  George  Washington 
University.  The  study  concerns  the  feasibility  of 
utilizing  a  nonsteady  energy  separation  device  to  provide 
conditioned  air  for  aircraft  environmental  control  systems. 

The  results  of  a  theoretical  analysis  by  Dr.  Foa  indicate 
that  such  a  device  with  sufficient  cooling  capacity  for 
modern  military  jet  aircraft  would  be  much  smaller  and 
lighter  than  the  conventional  heat  exchanger  and  refriger¬ 
ation  turbine.  In  order  to  verify  this  theory,  a  model 
was  fabricated  and  a  test  program  initirted  to  optimize 
its  configuration.  Although  the  program  has  not  been 
completed,  significant  improvements  xn  performance  have 
been  achieved  by  prerotating  the  inlet  air  flow  and  by 
increasing  the  portion  of  the  inlet  air  which  is  cooled. 

The  device,  as  presently  configured,  will  provide  10.3 
tons  of  refrigeration  per  cubic  foot  of  devn.ce  volume  when 
operating  with  a  30  psig  inlet  pressure;  which  compares 
favorably  with  the  capacity  to  volume  ratio  of  current  jet 
aircraft. 

Due  to  the  wide  operating  pressure  range  in  aircraft 
environmental  control  systems,  a  concurrent  series  of 
tests  was  also  conducted  to  determine  the  effect  of 
various  back  pressures  on  the  performance  of  the  device. 

The  results  of  these  tests  reveal  that  the  effect  of  back 
loading  is  significant;  however,  it  is  anticipated  that 
with  a  proper  control  system  and  an  improved  rotor  design, 
the  performance  requirements  dictated  by  particular 
applications  can  be  met. 

It  is  felt  that  although  the  current  study  has  verified  exper¬ 
imentally  that  certain  design  modifications  are  efficacious, 
further  improvement  in  the  performance  of  existing  models 
is  poor ible.  Specifically,  by  increasing  rotor  exit  area, 
improving  nozzle  design,  and  utilizing  precision  machining 
techniques,  a  two-  to  three- fold  increase  in  refrigeration 
capacity  for  the  same  size  device  should  be  possible. 
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INTRODUCTION 


In  military  aircraft  environmental  control  systems,  cooling 
air  is  drawn  from  two  locations  —  from  the  atmosphere  as  ram  air, 
and  from  the  engine  compressor  as  bleed  air.  Ram  air  is  used 
directly  to  cool  unpressurized  areas  housing  electronics  and 
armaments,  but  pressurized  areas  such  as  the  cabin  must  be 
supplied  by  higher  pressure  bleed  air.  Because  it  is  hot  (up  to 
900°F)  as  it  leaves  the  engine,  bleed  air  must  first  be  cooled  by 
passing  it  through  a  heat  exchanger  and  a  refrigeration  turbine. 

In  order  to  provide  an  adequate  heat  sink,  many  aircraft  use 
heat  exchangers  weighing  hundreds  of  pounds  and  taking  up  many 
cubic  feet  of  space.  Furthermore,  at  high  flight  Mach  numbers, 
the  stagnation  temperature  of  ram  air  becomes  so  high  that  even 
these  largo  heat  exchangers  are  inadequate.  Problems  have  also 
arisen  with  the  expansion  turbines  used  for  refrigeration.  In 
late  model  aircraft*  these  devices  have  rotational  speeds  of 
70,000  to  00,000  rpm,  and  as  a  result,  have  a  very  low  Mean  Time 
Between  Failure  (o.g.,  500  hours  in  the  latest  attack  bomber) . 

The  cooling  needs  of  both  subsonic  and  supersonic  aircraft  must, 
therefore,  rely  on  fragile  and  increasingly  larger  equipment. 

An  alternative  to  the  current  equipment  is  the  Foa  Energy 
12 

Separator  (FES).  *  Ibis  device  essentially  provides  its  own 
heat  sink  by  separating  input  air  into  two  streams?  removing 
energy  in  the  form  of  heat  from  one  stream  and  adding  it  to  the 
other.  Thus,  both  hot  and  cold  output  flows  emerge,  and  because 
the  process  is  isentropic,  high  efficiencies  are  possible.  The 
principal  advantages  of  the  FES  over  current  systems  include  a 
significant  reduction  in  weight  and  volume  through  the  elimination 
of  heat  exchangers,  and  an  increased  Mean  Time  Between  Failure  by 
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the  replacement  of  the  expansion  turbines. 

To  investigate  these  advantages,  the  Naval  Air  Systems 
Command  has  contracted  with  The  George  Washington  University  to: 

1.  theoretically  analyze  the  various  FES  configurations; 

2.  predict  size  and  weight  reductions  possible  for  a 
specific  aircraft; 

3.  predict  heat  sink  substitute  capacity;  and 

4.  evaluate  the  actual  performance  of  model  energy 
separators,  including  a  variable  geometry  device 
fabricated  specifically  for  this  purpose. 

This  report  details  the  wor'k  performed  by  Columbia  Research 
Corporation  (CRC)  (in  accordance  with  item  4  above)  under  a  sub¬ 
contract  to  The  George  Washington  University.  Tests  were  con¬ 
ducted  on  a  single  rotor  energy  separator  with  fixed  geometry 
and  a  double  rotor  energy  separator  with  interchangeable  collectors 
and  center  sections.  The  latter  device  is  referred  to  as  the 
“variable  geometry  model"*  Test  results  are  presented  in  graphic 
form  and  evaluated  to  reveal  preferred  FES  geometry.  Fabrication 
and  test  procedures  are  also  outlined. 


ENERGY  SEPARATOR  OPERATION 


The  principles  of  operation  of  the  energy  separator  can  be 
explained  with  reference  to  Figure  l.3  Consider  a  jet  issuing  from 
a  nozzle  inclined  at  an  angle  ^  to  the  horizontal.  The  jet 
iiupinges  on  a  wall  and  splits  into  two  streams  designated  in  the 
figure  as  'h'  and  'c‘.  Due  Jo  the  inclination  of  the  jet,  the 
streams  do  not  divide  equally ,  but  the  majority  of  the  flow  is 
diverted  to  the  ’o'  side.  This  is  a  steady  flow  condition?  and 
assuming  negligible  viscous  losses,  the  temperatures  of  the  two 
streams  are  equal  to  the  temperature  of  the  main  jet.  If  the  jet 
and  wall  are  suddenly  set  in  motion  at  a  velocity,  V,  in  the 
direction  shown  in  Figure  l,  then  this  velocity  must  be  added 
vectorially  to  the  stream  flow  velocities,  Uc  and  U^,  widi  the 
result  that  the  velocity  of  stream  *h’  is  increased  and  the  velo¬ 
city  of  stream  *c‘  is  decreased. 

In  effect,  what  has  occurred  in  this  process  is  a  transfer  of 
energy  in  the  form  of  flow  velocity  from  stream  * c '  to  stream  *h' 
without  any  external  wor k  being  done.  If  the  streams  are  brought 
to  rest  in  separate  chambers,  their  kinetic  energies,  due  to  the  flow 
velocities,  will  bo  convert?  *  to  internal  energy.  rite  in 

the  *h*  stream  internal  energy  is  greater  than  the  rise  in  the  *c' 
stream  internal  energy  since  the  *h#  flow  velocity  is  greater  than 
tl?e  *C  flow  velocity.  Temperature  is  related  directly  to  the 
internal  energy  of  the  gas,  and  therefore,  each  chamber  will  be  at 
a  different  temperature.  In  particular,  the  chamber  temperature 
on  the  * c '  side  wili  be  lower  than  the  inlet  temperature,  and  the 
temperature  on  the  «hr  side  will  be  higher.  The  magnitude  of  the 
temperature  changes  is  a  function  of  the  mass  flow  rates  of  the 
streams,  with  the  *h'  stream  temperature  rise  being  greater  than  the 
*G*  stream  temperature  drop  due  to  the  lower  flow  on  the  *h*  side. 

**  9  ** 


FEGORB  t*  h  'fiCaBBSltZC  OF  THE  gSBRGY  SEPARATOR  IK  ITS  SIMPLEST  CONFIGURATION 


The  physical  phenomenon  which  causes  energy  separation 
occurs  at  the  stagnation  streamsurface  between  the  two  flows, 
designated  's'  in  Figure  1.  The  pressure  forces  acting  at 
this  interface  are  in  notion  when  the  system  is  in  motion,  and 
therefore  positive  work  is  being  done  by  the  1 c ‘  stream  and 
negative  work  is  being  done  by  the  ‘h‘  stream.  Thus,  energy  is 
transferred  from  'c‘  to  'h'. 

Several  energy  separator  configurations  have  been  developed. 
These  are  classified  as  either  external  or  internal  separation 
devices,  depending  upon  where  the  stream  separates  relative  to 
the  jet  driver.  In  external  separation,  as  depicted  in  Figure  2 
(from  Ref.  1),  the  radially  flowing  jet  is  separated  into  high  and 
low  temperature  streams  external  to  a  driving  rotor.  This  is 
similar  to  the  arrangement  shown  in  Figure  1,  except  that  the 
motion  is  rotational  rather  than  translational.  In  internal 
separation,  as  shown  in  Figure  3  (from  Ref.  1) ,  the  streams 
are  separated  within  a  rotor  by  means  of  opposing  sets  of  nozzles 
located  in  different  axial  rotor  planes.  One  set  of  nozzles 
has  larger  throat  areas  and,  consequently,  the  rotor  rotates 
opposite  to  the  direction  of  these  issuing  jets,  thereby  pro¬ 
ducing  the  motion  required  for  energy  separation. 

Each  flow  separation  configuration  offers  certain  advantages 
and  disadvantages.  The  external  energy  separator,  for  example, 
is  the  easiest  to  fabricate;  however,  the  collection  losses  and 
sensitivity  to  back  pressure  variations  may  reduce  the  efficiency  of 
the  device.  On  the  other  hand,  the  internal  energy  separator  is 
lei  s  sensitive  to  back  pressure  variations,  and  collection  losses 
can  be  reduced  ay  proper  design  cf  the  outlet  chambers;  however, 
rotor  construction  is  more  difficult  due  to  the  requirement  for 


FIGURE  2.  AN  EXTERNAL  ENERGY  SEPARATOR  CONFIGURATION 
WITH  ROTOR  MOUNTED  TURNING  VANES 


FIGURE  3.  AN  INTERNAL  ENERGY  SEPARATOR  CONFIGURATION 

WITH  A  SINGLE  ROTOR 
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precisely  shaped  nozzles  to  reduce  the  entrance  losses. 

Any  determination  of  which  configuration  is  best  for  aircraft 
applications  must  be  prefaced  by  a  detailed  study  of  each.  The 
present  study  is  concerned  only  with  the  internal  energy  separator 
primarily  because  of  the  availability  of  two  rotors,  and  is  not 
an  indication  of  any  a  priori  preference  for  this  configuration. 
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SINGLE  ROTOR  INTERNAL  ENERGY  SEPARATOR 


Introduction 

Preliminary  to  the  fabrication  of  a  variable  geometry  internal 

energy  separator,  a  fixed  geometry  model  was  tested  to  assess  the 

importance  of  various  design  factors  and,  in  general,  to  gain  a 

working  knowledge  of  the  energy  separator  concept.  The  device 

used  for  this  study  was  originally  designed  and  fabricated  at 

Rensselaer  Polytechnic  Institute  (RPI)  for  a  previous  test 
4 

program. 

The  RPI  model  has  a  single  rotor  .which  is  supported  by  a 
cantilevered  shaft.  Air  is  supplied  to  the  rotor  along  the  axis 
of  rotation  on  tva  side  opposite  the  shaft.  The  air  issues  from 
a  pipe  and  expands  into  the  rotor  cavity.  The  rotor  is  composed 
of  the  cavity  and  two  sets  of  nozzles,  each  directed  so  as  to 
produce  rotation  cf  the  r'  lor  in  opposite  directions.  There  are 
two  nozzles  in  each  set.  One  set  has  throat  areas  larger  than  the 
other,  and  consequently  tie  lets  issuing  from  these  nozzles  have 
a  larger  angular  momentum.  It  is  this  set  that  determines  the 
rotational  direction.  The  noz.nle  sets  are  separated  axially  along 
the  rotor  and  the  flows  issuing  from  them  are  prevented  from  mixing 
by  the  collector  housing.  For  the  reasons  described  previously 
in  the  section  on  energy  separator  operation,  the  temperatures 
of  the  air  discharged  frem  each  set  of  nozzles  are  different;  in 
particular,  the  drivj ng  nozzle  sen  discharge  air  temperature  is 
lower'  than  the  inlet  temperature  ana  the  driven  nozzle  set  discharge 
air  temperature  is  higher  than  the  inlet  temperature. 

Unfortunately,  the  RPI  model  was  delivered  to  Columbia  Research 
Corporation  (CRC)  in  damaged  condition,  necessitating  repairs  to 


the  collector  housing,  base  plate,  and  rotor.  The  collector 
housing  was  completely  destroyed,  requiring  the  fabrication  of  a 
new  housing.  This  was  particularly  difficult  because  there  were 
no  detail  drawings  of  the  device,  and  dimensions  had  to  be  deter¬ 
mined  directly  from  the  damaged  piece.  The  base  plate  was  bent 
slightly,  which  prevented  the  alignment  of  the  rotor  and  the 
collector  housing?  therefore,  a  new  plate  had  to  be  fabricated 
before  proper  alignment  was  achieved.  Finally,  the  rotor  had  to 
be  cylindrically  ground  to  remove  scored  areas  on  the  periphery. 

The  repaired  model  is  shown  in  Figure  4  (see  Ref.  4  for  comparison 
with  original  RPI  model) . 

Even  after  the  model  was  repaired,  however,  its  performance  was 

significantly  less  than  in  earlier  tests  at  RPI  with  the  original 
1 

model.  The  rotational  speeds  were  considerably  lower  than  anticipated, 
due  primarily  to  a  defective  bearing  which  greatly  increased 
restraining  torque  on  the  rotor.  It  was,  therefore,  decided  to 
redesign  the  bearing  housing  and  replace  the  bearings.  The  new 
bearing  housing  attaches  directly  to  the  collector  housing, 
eliminating  the  rotor-collector  alignment  problems  and  allowing 
the  convenient  insertion  and  removal  of  the  rotor.  With  the  new 
bearing  arrangement,  rotational  speeds  above  50,000  revolutions 
per  minute  were  obtained.  At  these  high  speeds,  however,  a 
slight  asymmetry  in  the  rotor  caused  large  amplitude  vibrations, 
necessitating  dynamic  balancing  of  the  rotor.  These  modifications 
significantly  improved  the  performance  of  the  modal. 

Model  Construction 

An  assembly  drawing  of  the  energy  separator  is  shown  in 
Figure  5.  The  base  is  fabricated  from  1- inch  -  thick  steel 
plate  milled  flat  to  allow  the  proper  alignment  of  the  inlet  pipe 
and  the  rotor  cavity.  The  inlet  pipe  is  standard  3/4-inch  diameter 
galvanized  steel  with  twq  instrumentation  taps?  one  for  an  inlet 
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MODIFIED  BY’ COLOMBIA  RESEARCH  CORPORATION 


static  pressure  probe  and  the  other  for  an  inlet  temperature  thermo 
couple .  The  pipe  is  modifl  ed  somewhat  by  the  insertion  of  a 
slight  constriction  at  the  exit  plane#  which  reduces  the  flow  loss 
as  the  air  jet  expands  in  the  free  space  between  the  pipe  and  the 
rotor  cavity  inlet.  This  design  feature,  a  part  of  the  origi¬ 
nal  RPI  model,  has  been  found  to  be  very  effective  and, in  fact#  at 
certain  inlet  pressures,  the  air  jet  actually  aspirates  ambient  air 
into  the  rotor  cavity.  However,  to  reduce  flow  losses  at  all  inlet 
pressures#  the  clearance  between  the  pipe  and  the  rotor  is  hept 
to  0.010  inches  by  adjusting  a  clamp  on  the  pipe  support.  To 
insure  that  the  rotor  is  not  scored  by  an  accidental  jarring  of 
the  device  during  operation,  the  end  of  the  pipe  is  coated  with  a 
tough  epoxy  coating  powder,  manufactured  by  Armstrong  Products 
Company,  which  acts  as  a  buffer  to  prevent  direct  contact  of  the 
metal  parts. 

The  collector  housing  is  fabricated  in  three  sections.  The 
two  outer  pieces  are  made  of  aluminum  and  contain  the  annular  flow 
collect ion  spaces?  the  middle  piece,  made  of  nylon  reinforced 
phono lie*  prevents  the  mixing  of  the  air  issuing  from  the  two  seta 
of  rotor  no&sies,  In  addition  to  acting  as  a  physics!  barrier 
between  the  flows,  the  phenolic  center  section  is  also  a  thermal 
insulator,  preventing  the  transfer  of  boat  from  the  hot  side 
collector  to  the  cold  side  collector.  The  collector  has  thermo- 
couple  taps  near  each  exit  to  allow  measurement  of  rotor  nosslo 
exit  temperatures. 

The  rotor  fits  into  the  collector  housing  so  that  the 
noszles  are  aligned  within  their  appropriate  collectors  with  a 
clearance  between  the  rotor  outside  diameter  and  the  housing 
internal  diameter  of  0.010  inches.  A  sandwich  construction  is 
used  for  the  rotox;  with  the  nosales  consisting  of  aluminum  plates 


18  - 


bounded  by  three  stainless  steel  plates.  The  front  plate 
contains  the  rotor  cavity  inlet  port;  the  middle  plate,  a  large 
annular  cut-out  forming  the  rotor  cavity;  and  the  end  plate,  a 
slightly  undersized  shafting  hole.  The  shaft  was  secured  to  the 
end  plate  by  heating  the  area  around  the  undersized  shafting  hole 
until  it  expanded  sufficiently  to  allow  the  insertion  of  the  shaft. 
After  cooling,  the  shaft  and  plate  were  permanently  bonded 
together.  The  entire  rotor  was  assembled  with  alignment  screws 
and  'trued'  between  centers  on  a  cylindrical  grinder.  The  rotor 
was  then  dynamically  balanced  to  within  the  accuracy  dictated  by 
the  bearing  tolerances. 

'The-  Waring  housing  is  constructed  entirely  of  stainless 
steel  and  attaches  directly  to  the  collector  housing  by  means  of 
five  bolts.  Two  identical  shielded  deep  groove  radial  ball  bear¬ 
ings  with  rated  rotational  speeds  of  48,000  rpm  are  included  within 
the  assembly.  The  radial  play  of  these  bearings  0,0002  to  0.0004 
inches,  is  the  limiting  factor  in  rotor  balance  mentioned  previously. 
To  facilitate  removal  of  the  rotor  from  the  housing,  the  bearing 
boro  is  sized  to  allow  a  0,0001-  to  0.0003- inch  clearance  fit 
between  the  bearing  and  the  rotor  shaft. 

The  previously  described  modifications  to  this  model  allowed  . 
its  testing  to  rotational  speeds  limited  only  by. the  rated  bearing 
speed.  Operation  above  the  48,000  rpm  is  possible;  only*  however, 
with  a  significant  sacrifice  in  bearing  operating  life.  The  modified 
device  is  shown  in  Figure  6 . 

Test, Program 

Testing  of  the  single  rotor  internal  energy  separator  was  con¬ 
ducted  primarily  for  the  purpose  of  evaluating  the  various  design  modi 
fixations,  since  its  construction  did  not  allow  for  the  investigation 


of  the  effects  of  changes  in  device  geometry  and  back  loading.  As 
changes  were  made,  the  device  was  tested  to  determine  the  corres¬ 
ponding  improvement  in  performance.  Primary  consideration  in  this 
regard  was  given  to  the  increase  in  rotational  speed  of  the  rotor 
at  a  given  inlet  pressure,  since  it  was  known  from  theory  that  the 
higher  the  peripheral  velocity  of  the  rotor,  the  greater  the 
energy  separation.  The  improvement  in  performance  was  particularly 
significant  after  installation  of  the  new  bearing  housing,  when 
the  rotational  speed  at  45  psig  inlet  pressure  increased  from 
23,400  rpm  with  the  old  housing  to  48,420  rpm  with  the  new,  and 
the  output  temperature  difference  increased  from  88°F  to  133°F. 

Results  of  a  test  on  the  device  in  its  final  configuration 
have  been  tabulated  in  Table  1.  All  temperatures  were  me  lured 
with  iron-constantan  thermocouples  and  displayed  on  a  Model  1602 
Comack  Thermometer .  The  thermocouples  were  mounted  at  the  inlet 
and  outlets  of  the  device  as  noted  on  the  assembly  drawing  (Figure 
5)..  The  rotational  speeds  were  measured  with  a  Model  510-AL 
Sticht  Stroboscope  and  were  an  average  of  several  readings,  since 
the  condensation' of  moisture  within  the  device  could  cause  speed 
fluctuations  of  ±  500  rpm. 

In  general,  it  can  be  said  that  the  redesigned  device  performed 
well  mechanic ally,  although  the  energy  separation  obtained  was  less 
than  in  ©arlior  tests  at  RP1  with  the  original  model.  Further 
improvements  to  the  device,  such  as  decreasing  clearance  between 
the  rotor  and  the  collector  housing  to  reduce  mixing  between  the 
outlet  flows,  increasing  the  shaft  diameter  to  prevent  slippage,  ami 
improving  nozzle  entrance  geometry  would  have  undoubtedly  increased 
the  device  efficiency.  These  deficiencies  were  not  corrected, 
however,  since  knowledge  of  these  defects  could  be  applied  to  the 
design  of  the  variable  geometry  model. 


—  21  - 


Rotor 

Speed 

(RPM) 


31,070 
38#  150 
46,558 
48,420 


Temperature  {  C) 


Cold 

Hot 

2,5 

40,5 

~2 

49 

!  -6' 

59 

;  -9 

f  ' 

i  ■  ■■ 

65 

era 

rate re 
if 


renee 


TABLE  1.  TEST  RESULTS  FOR  THE  SINGLE  ROTOR 
INTERNAL  ENERGY  SEPARATOR* 


VARIABLE  GEOMETRY  ENERGY  SEPARATOR 


Using  preliminary  data  from  single  rotor  energy  separator 
tests,  the  design  of  a  variable  geometry  FES  was  undertaken.  The 
device  was  constructed  so  as  to  permit  changes  in  three  para¬ 
meters;  back  pressure,  area  ratio,  and  prerotation.  Buck  pressure, 
defined  as  the  pressure  seen  at  the  output  face  of  the  rotor,  can 
be  expected  to  vary  in  operational  devices  due  to  fluctuating 
demands  for  heated  or  refrigerated  air  downstream.  During  testing, 
however,  the  back  pressures  in  both  exit  chambers  wore  kept  equal. 

Unlike  back  pressure,  area  ratio  and  prerotation  should  not  change 
during  operation,  but  are  design  variables  whose  effects  must  be 
understood  to  maximize  energy  separator  performance.  In  internal 
separation  devices,  area  ratio  determines  the  percentage  of  flow 
to  each  side  and  ultimately  the  overall  performance  of  the  device, 
prerotation  is  defined  as  an  angular  velocity  in  the  direction  of 
rotor  movement  imparted  to  the  incoming  air.  Its  proper  use  will 
enhance  performance  of  an  energy  separator  in  any  configuration. 

An  examination  of  the  individual  -and  collective  effects  on  internal 
energy  separator,  performance  of  these  three  variables  is  the 
object  of  this  portion  of  the  study. 

Model  Con struct ion 

Rather  than  design  a  completely  new  internal  energy  separator/ 
it  was  decided  to  incorporate  features  into  an  existing  model  which 
would  allow  the  interchange  of  several  components.  A  dual  rotor  device, 
designated  Model  III ,  was  made  available  by  the  principle  investigator, 
and  the  initial  effort  was  centered  around  modifying  it  for 
use  in  the  program.  ir«  its  original  state.  Model  III  us od  two  rotors 
mounted  about  inches  apart  on  a  short  shaft  {Fig.  7).  One  rotor 
contained  four  cold  flow  nozzles  with  a  combined  area  of  .336 
square  inches.  The  other  contained  four  hot  flow  nozzles  with  a 
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combined  area  of  .194  eo  are  inches.  The  rotors s  supported,  on  ball 
bearings  mounted  between 'them,  turned  within  a  cylindrical  housing. 

A  thick  pedestal  connected  the  -uter  casing  and  the  bearing  hous¬ 
ing.  In  this  manner,  a  small  clearance  could  be  maintained 
between  the  rotors  and  their  casing.  Compressed  air  introduced 
between  the  rotors  passed  through  the  nozzles  and  was  vented 
axially.  Because  the  outlet  flow  was  unobstructed,  there  was  a 
substantial  noise  reduction  over  the  single  rotor  model,  but  the  central 
bearing  support  seriously  disturbed  the  incoming  air  and  detracted 
from  performance  of  the  model. 

In  order  to  provide  a  smooth  entrance  flow,  it  was  suggested 
that  the  supporting  pil iar  rep] aced  with  a  spiral  fence  (Fig.  8) . 

As  entering  air  struck  the  bearing  housing,  it  would  split  into 
two  flows.  The  spiral  fence  world  then  keep  the  flows  separated 
and  cause  them  o  acquire  an  angular  velocity  (prerotation)  as 
they  turned  about  the  be? ring  housing  and  entered  the  rotors. 

Varying  the  jiteh  and  direction  of  the  fence  would  permit  variations 
in  the  degree  and  sense  of  the  prerotation.  It  was  necessary, 
however,  to  design  a  fence  rigid  enough  to  replace  the  supporting 
pillar . 

Due  to  the  close  rotor  clearances  required  for  optimum  per¬ 
formance,  only  minute  deflections  of  the  rotors  could  be  allowed. 

A  stress  analysis  performed  for  the  existing  Model  III  has  shown 
that  the  attachment  to  the  outer  casing  must  be,  exceedingly  rigid. 

This  would  '-eguire  considerable  precision  machining  and  alignment. 
Anticipated  problems  in  producing  such  a  support  led  to  further 
modification  of  the  design.  / 
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It  was  noted  that  moving  the  hearings  from  the  center  to  the 
ends  of  the  shaft  would  eliminate  all  structural  loads  on  the 
spiral  sections.  Simpler  production  and  attachment  methods  were 
then  devised,  permitting  use  of  several  different  prerotations 
in  the  test  program  at  reasonable  cost.  End  hearings,  however, 
would  interfere  with  the  exit  flow  unless  collectors  were  added 
to  turn  the  air  as  it  left  the  rotors  and  vent  it  radially. 

The  collectors  ware  designed  in  three  layers,  as  shown  in 
Figure  9.  The  outer  parts  (one  on  each  end)  formed  the  hacks  of 
the  collectors  and  contained  the  bearings.  The  middle  sections 
contained  collection  channels  of  increasing  radii,  terminating 
in  vents.  The  inner  sections  formed  the  fronts  of  the  collectors, 
and  when  welded  to  the  cylindrical  outer  casing,  served  to  locate 
the  other  two.  Using  this  construction,  the  outer  sections,  with 
their  closely  machined  hearing  mounts,  couH  he  left  unchanged, 
while  different  middle  sections  could  be  installed  to  alter  bach 
pressure  or  other  collection  effects. 

These  changes  in  the  Mddel  III  design,  necessary  to  produce 
a  variable  geometry  energy  separator,  required  reconstruction  of 
the  device  except  for  the  rotor.  Relocation  of  the  bearings  necessi¬ 
tated  construction  of  a  new  shaft  and  outer  casing.  The  hot  side 
rotor  was  pressed  onto  the  shaft,  but  the  cold  side  was  keyed  and 
held  on  with  a  cap  and  screw  to  permit  its  removal  and  facilitate 
changes  in  prerotation  geometry.  After  early  testing,  it  was  also 
necessary  to  install  a  cap  and  screw  to  secure  the  hot  side  rotor, 
which  tended  to  slip  at  high  rotational  speeds.  Before  installation, 
the  rotor-shaft  assembly  was  dynamically  balanced.  The  new 
outer  casi,  <  was  made  to  allow  for  the  reduced  distance  between 
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FIGURE  9.  LAMINATED  CONSTRUCTION  OF  END  PLATE  COLLECTORS 
FOR  THE  VARIABLE  GEOMETRY  ENERGY  SEPARATOR* 


rotors,  to  accept  an  aircraft  type  V-band  inlet  fitting,  and  to 
permit  attachment  of  the  end  plate  collectors.  The  final  con¬ 
figuration  is  shown  in  Figure  10. 

Middle  section  collector  plates  with  four  different  geometries 
were  constructed  for  each  side.  The  effects,  however,  were  not 
found  to  be  sufficiently  repeatable  for  use  in  the  test  program. 

A  single  collector  geometry  for  each  side  was  therefore  selected, 
providing  2.50  square  inches  of  vent  area  to  the  cold  side,  and 
.375  square  inches  of  vent  area  to  the  hot  side.  Ducting  was  mated 
to  the  collector  vents  and  valves  installed  to  restrict  the  outlet 
flow  as  required  to  change  the  back  pressures.  This  arrangement 
provided  fully  repeatable  data  points  without  requiring  disassembly 
of  the  device. 

In  order  to  determine  the  effect  of  different  nozzle  area 
ratios,  it  was  proposed  that  the  hot  side  nozzles  be  partially 
blocked.  Reducing  the  area  of  all  four  nozzles  would  have  reduced 
the  nozzle  efficiencies  and  necessitated  rebalancing  of  the  rotors. 
It  was  decided,  however,  to  use  only  two  area  ratios,  one  with  all 
four  hot  nozzles  open,  and  one  with  two  nozzles  totally  blocked 
and  two  open.  This  was  accomplished  by  filling  two  nozzles  180° 
apart  with  equal  amounts  of  epoxy .  The  result  was  a  new  area 
ratio  without  any  major  effect  on  the  rotor  balance. 

Test  Program 

The  two  area  ratio  configurations  were  used  in  the  test 
program  in  each  of  three  prerotation  modes.  One  provided  no 
prerotationj  another  provided  positive  (i.e.,  in  the  direction 
of  rotor  movement)  prerotation  to  the  cold  side  and  negative 
(i.e*,  opposite  to  rotor  movement)  prerotation  to  the  hot  side? 
and  the  third  provided  negative  prerotation  to  the  cold  side  and 
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positive  to  the  hot.  Each  of  these  six  configurations  was  tested 
at  a  series  of  inlet  pressures  <2,  5,  10,  20,  30,  and  40  psig) 
and  with  the  bach  pressure  varied  between  0%  and  50%  of  the  inlet 
pressure.  The  back  pressures  at  the  hot  and  cold  exits  were 
varied  simultaneously.  Between  12  and  16  pressure  combinations 
were  investigated  for  each  configuration,  with  two  or  three  sets 
of  measurements  at  each  point.  The  measurements  taken  included 
pressures,  temperatures,  rotor  speed,  and  flow  rates.  Pressure 


readings  included  both  inlet  and  outlet  (i.e«,  back  pressure)  on 
each  side,  and  were  taken  with  Bourdon  tube  gauges.  Temperatures 


were  measured  with  iron'- constant  an  thermocouples  and  read  on  a 
Comark  Thermometer  and  on  Omega  millivolt  meters.  Five  locations 
were  monitored,  including  inlet,  and  two  points  each  on  the  hot 
and  cold  sides.  Flow  rates  were  measured  at  the  inlet  by  means 
of  an  ftnmibar  700  series  flow  meter.  Tables  of  data  taken  are 
presented  as  Appendix  X* 


.Results 

During  the  course  of  the  test  program,  the  effects  of  back 
pressure,  prerotation,  and  area  ratio  were  examined  in  every 
possible  combination.  .  In  no  instance  was  : an  interrelated  effect 
noted*  Examining  the  throe  individually,  back  pressure  (egual 
for  both  outlets)  can  be  said  to  b*v«*  no  effect  on  either  rota¬ 
tional  speed  or  temperature  differential,  provided  that  the  inlet 
pressure  is  modified  to  provide  a  constant  pressure  ratio.  Both 
area  ratio  and  prerotation,  however,  have  significant  effects  on 


these  parameters .  .  . 

By  reducing  the  area  ratio,  the  percentage  of  inlet  air 
expelled  from  the  cold  nose lea  {cold  fraction)  is  increased,  4s 
a  result,  more  power  is  available  to  spin  the  rotor,  resulting  in 
high  rotor  velocities  and  greater  temperature  differential*!. 


Also,  because  the.  energy  removed  from  cold  side  must  be  absorbed 
by  a  smaller  mass  hot  air,  the  hot  side  temperature  in¬ 
creases  dramatically,  This  effect  may  be  noted  by  comparing  the 
graphs  in  Figure  11  with  those  in  Figure  12,  The  area  ratio  .5 7? 
results  in  a  nominal  cold  fraction  of  .63,  Reducing  the  area 
ratio  to  .289  increased  the  nominal  cold  fraction  to  ,77,  resulting 
in  nearly  doubled  rotor  speed  and  temperature  differential.  At  a 
given  rotor  speed,  however,  the  total  temperature  differential  is 
about  the  same  (Figure  13),  being  slightly  greater  on  the  hot  side 
and  slightly  less  on  the  e©ld  side  for  the  smaller  area  ratio. 

The  penalty  paid  for  greater  energy  transfer,  therefore,  is  an 
intarease  in  rotor  speed  and  corresponding  structural  difficulties. 

Unlike  modifying  area  ratio,  providing  proper  prerotation  can 
increase  temperature  differentials  without  increasing  rotational 
speed.  Comparing  Figures  11a  and  12a  with  lib  and  12b,  respectively 
-.‘shows  that,  at  .a  given  pressure  ratio,  positive  prerotetion  to  the 
cold  side  and  negative  prerotation  to  the  hot  side  increase  energy 
transfer  significantly,  Figurei,  lie  and  12c  show  that  reversing  .the 
prerotation  produces  a  looser  energy  transfer.  The'  increased' temp¬ 
erature  differential  with  positive  prorotation  occurs  despite  a 
reduction  in  rotor' speed,  as  shown  in  Figure  14*'.  Urahom3  suggests 
that  prerotation  may  slightly  alter  the  cold  fraction  and,  thus, 
the  power  available  to  the  rotor.  Fortunately,  the  actual  change 
rn  temperature  differential  caused  by  pro re tat ion  is  gulte  largo 
at  a  given  rotational  spewed  (see  Figure  IS),  and  apparently  over¬ 
shadows  the  reduction  in  rotor  spaed  at  a  given  pros sure  ratio. 
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FIGURE  14.  EFFECT  Of  COLD  SIDE  PRERCTATXON  OS  ROTOR 
SPEED  FOR  AN  FES-3  CONFIGURATION  WITH  AN  AREA  RATIO  OF  0.S77 


Comparison  with  Theory 

The  effect  of  prarotation  was  suggested  by  a  theoretical 

investigation  of  the  energy  separation  phenomenon.  In  general, 

theoretical  predictions  of  energy  separator  performance  have  been 

made  by  establishing  a  baseline  of  performance,  neglecting  bearing 

friction,  prerotation,  etc.  The  effects  of  these  factors  were 

then  shown  as  a  modifications  of  basline  performance.  Such  relation 

5 

ships  are  graphed  in  the  Poa  study  .  Specifically  for  Model  III, 
graphs  of  theoretical  baseline  performance  were  available  from 
previous  work,  showing  the  actual  temperature  differential  and 
rotor  speed  expected  for  a  given  inlat/outlet  pressure  ratio. 

In  Figure  16,  the  theoretical  temperature  increase  and 
decrease  are  shown  versus  pressure  ratio  for  the  no-prerotation, 

f 

0.577  area  ratio  configuration  .  A  number  of  experimental  data 
points  are  also  plotted.  It  will  be  noted  that  the  cold  side 
temperature  drop  is  very  close  to  ideal  performance,  while  the 
hot  side  increase  is  far  from  that  expected.  Graham  explains 
this  phenomenon  as  the  effect  of  a  resisting  torque  such  as  bear¬ 
ing  friction.  Energy  which  would  normally  have  been  transferred 
to  the  hot  output  is  instead  used  to  overcome  the  resisting  forces. 
Rough  calculations,  however,  show  that  this  torque  must  exceed  one 
foot-* pound  to  result  in  the  efficiency  loss  shown  on  the  graph. 
Manufacturer's  specifications  suggest  that  bearing  friction  will 
produce  torques  less  than  one- tenth  that  amount.  Furthermore, 
torques  of  that  magnitude  would  bring  the  rotor  from  25,000  RPM  to 
reef  i«  a  fov  seconds,  a  process  which  in  actuality  may 
take  several  minutes*  Thus,  factors  other  than  rotor*  torque 
Ewst;  also  affect  the  performance  of  the  device. 
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FIGURE  16.  THEORETICAL  VERSUS  EXPERIMENTAL  TEMPERATURE 
CHANGES  FOR  AN  ENERGY  SEPARATOR  WITH  NO  PREROTATION  AND 

AREA  RATIO  0.577 


stay  include  leakage,  heat  loss  to  the  collectors,  an3  changes 
in  nozsle  efficiencies.  At  higher  rotor  speeds  especially,  the 
nossle  discharge  coefficients  way  have  a  significant  effect  on 
the  cold  fraction  normally  determined  in  internal  separation 
devices  by  the  hot/cold  nozzle  area  ratio. 

It  is  interesting  to  note  (Fig.  17}  that  for  most  data  points, 
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the  rotor  speed  achieved  was  equal  to  the  theoretical  performance. 
Furthermore,  there  is  no  consistent  indication  of  a  back  loading 
effect  on  rotational ^speed  or  on  energy  separation  at  a  given 
pressure  ratio  when  the  back  pressures  at  both  outlet  vents  are 
the  same.  Prerotation,  however,  does  affect  rotor  speed  at  a 
given  area  and  pressure  ratio. 

Positive  prarotation  to  the  cold  side  definitely  enhances 
performance, despite  a  reduction  in  rotor  speed.  The  reduction 
in  speed  is,  however,  desirable  in  itself  if  no  loss  of  performance 
results.  Unlike  these  dramatic  effects,  back  pressure  results 
in  no  change  to  either  rotational  speed  or  energy  transfer  at  a 
given  pressure  ratio.  For  a  given  inlet  pressure,  however, 
pressure  ratio  and,  therefore,  performance  are  reduced  as  back 
pressure  increases.  The  performance  at  the  two  area  ratios  in 
comparison  to  theory  is  shown  in  Figure  18. 
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CONCLUSIONS 


This  report  has  discussed  an  extensive  series  of  tests 
conducted  to  investigate  the  internal  version  of  the  Poa  Energy 
Separator.  From  the  results  that  were  obtained,  a  number  of 
conclusions  may  be  drawn. 

1.  The  ability  of  an  internal  separator  to  operate  as  an 
air  conditioning  device  is  accurately  predicted  by  Foa*s 
and  Graham's  theoretical  analyses  over  the  range  of 
pressure  and  area  ratios  tested.  In  particular,  a 
decrease  in  area  ratio  from  0.577  to  0.289  results  in 
increased  cold  side  temperature  drop  and  rotor  velocity 
at  all  pressure  ratios  tested. 

v  2.  Operation  as  a  heating  device  is  markedly  affected  by 
the  operating  characteristics  of  the  model  such  as 
bearing  friction,  nozzle  geometry,  and  collector  con¬ 
struction,  Tine  greatest  disparity  between  theoretical 
and  actual  performance  is  shown  in  hot  side  operation t 
however,  in  this  area  lie  the  greatest  possibilities  for 
improved  operation  of  internal  separation  devices, 

3.  Energy  separator  performance  can  be  considerably  enhanced 
through  the  proper  use  of  prerotation.  In  particular, 
inducing  an  angular  velocity  in  the  direction  of  the 
cold  side  rotation  can  increase  energy  separation  at 

any  of  the  pressure  or  area  ratios  tested. 

4.  The  effect  of  raising  the  pressure  at  both  outlets  , 

(i.e.,  back  loading  the  device)  is  to  reduce  energy 
separation  at  a  given  inlet  pressure.  Energy  separation 
at  a  given  pressure  ratio  is  the  same,  however,  at  any 
outlet  pressure. 
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RECGMKEKDftTIOKS 


The  present  work  is  a  significant  first  step  toward  the 
development  of  alternate  means  of  providing  conditioned  air  for 
various  aircraft  applications.  Tests  have  shown  that  the  energy 
separator  concept  is  feasible  at  the  flow  rates  required  in 
modern  military  jets,  with  cooling  capacities  limited  only  by 
the  material  properties  of  the  rotor  under  high  speed  operation. 

It  is  therefore  recommended  that  the  energy  separator  development 
be  continued  in  a  phased  program  to  include: 

1.  A  continuation  of  the  variable  geometry  internal  energy 
separator  test  program  to  evaluate  the  effects  of  other 
prerotation  configurations,  collector  designs,  nozzle 
efficiencies,  and  unequal  back  pressures ? 

2.  The  design  and  fabrication  of  external  energy  separator 
models  for  use  in  a  parametric  tost  program  similar  to 
the  internal  energy  separator  program  • 

3.  An  external  energy  separator  test  program.  Once  completed, 
the  results  of  this  program  would  be  ^mpared  to  the 
results  of  the  internal  energy  separator  test  program  to 
determine  Which  device  offers  the  most  promise  for  future 
implementation.  This  evaluation  would  consider  not 

only  performance,  but  device  construction  and  cc.upatibility 
with  particular  applications; 

4.  The  design,  fabrication,  and  testing  of  an  energy  separator 
for  a  particular  application  such  as  aircraft  environmental 
control  or  cooling  of  an  onboard  oxygen  generation  system. 
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K'  ■■■■■•  APPENDIX  11 

COLUMBIA  RESEARCH  CORPORATION 
TEST  FACILITY 


In  order  to  provide  a  facility  to  test  the  energy  separator 
developed  under  this  program,  Columbia  Research  Corporation  (CRC) 
has  installed  sources  of  both,  hot  and  ambient  temperature  pressurised 
air  (Fig,,  19-}  .  In  addition,  systems  for  the  delivery,  regulation, 
and  measurement  of  the  air  have  also  been  set  up.  NAVAIR  supplied 
the  two  primary  air  sources;  a  500  psig  compressor  and  storage 
tank  assembly  (Fig.  20);  and  a  small  gas  turbine  (Fig.  21).  Since 
both  of  these  devices  were  originally  built  to  provide  air  for 
starting  jet  aircraft  engines,  they  have  been  modified  for  use  as 
laboratory  equipment. 

Mr  Compressor  System 

The  compressor  and  storage  tank  unit  assembled  by  Wells 
Industries  provides  air  at  near  ambient  temperature  and  up  to 
500  psig  through  a  2- inch  line  to  a  manifold  which  currently  has 
three  outlets,  two  of  which  are  regulated.  Representative  flow 
rates  through  the  regulators  are  given  in  Table  8.  The  third 
outlet  is  at  tank  pressure  and  its  flow  is  limited  only  by  the 
size  o£  the  delivery  line. 

The  compressor  is  a  Chicago  Pneumatic  Model  No.  PB-43  which 
handles  8.8  Ib/rain  of  air  in  three  stages.  Air-to-air  radiator 
cooling  is  provided  after  each  stage,  and  the  cylinders  (four) , 
all  on  a  common  crankshaft,  are  air  cooled.  (Complete  specifica¬ 
tions  are  given  in  Table  9) .  It  is  driven  by  a  50hp  electric 
motor  (440V,  3-phase,  60-cvcle)  via  a  belt  system  designed  to 
permit  optimum  speeds  for  both  the  compressor  and  motor.  Three 
cylindrical  storage  tanks  with  a  combined  capacity  of  335  cubic 
feet  (890  lbs-  of  air  at  500  psig)  are  fed  through  a  2-inch 
diameter  line.  An  automatic  control  activates  the  system  when  the 
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TABLE  -  8b.  FIOW  RATES  AVAILABLE  FROM  REGULATOR  F-l 
IN  STANDARD  CUBIC  FEET  OF  AIR  PER  MINUTE 


Output  Prossuro 
/  PSIG 


Receiver  Pressure  PSIG 


m*3LB  9,  COMPRESSOR  5 PSCXFXC&TIQNS 

Number  of  Stages  3 

Number  of  Compressor  Cylinders  4 

Diameter  of  Cylinder  Bores  8  3/4  -  4  3/4  -  2  1/4  «  2  i/4  laches 

Stroke#  Inches  5 

Capacity  -  Compressor  Crankcase  Oil  «  Gallons  5 

Inlet  Pressure,  lib,  per  5q.  inch  Gauge  0 

Discharge  Pressure,  lib,  per  Sq,  Inch  500 

Pipe  Size  (Inlet  Inches)  3% 

Compressor  (Discharge  Indies)  •  1 

Coaqpressor  Speed,  r„p.m,  910 

Compressor  Displacement:,  c •  f  ,au  144 

Compressor  Delivery,  cuf.m.  110 

Power  Required  at  Belt  Wheel,  at  500  PSIG 
approximate,  H,P» '  48 

Belt  Wiieel  Pitch  Diameter,  Inches  23  l/B 

Number  and  Size  ’ of  Belt  Grooves  16X» 

Weight  of  Compressor  -  3300 

Overall  Dimensions  (Length)  §#~9* 

(Width)  3  *-6*’ 

(Height)  .  b'-Z* 


tank  pressure  falls  below  450  psi,  or  a  manual  override  can  be 
used  to  control  both  the  on-off  and  compressor  loading  functions. 
Venting  of  the  water-oil  separator  system  is  also  automatic,  but 
CISC  has  installed  an  additional  manual  override. 

The  laboratory  containing  the  regulator  manifold 
is  equipped  with  a  variety  or  temperature,  pressure,  and  flow 
rate  measuring  equipment .  These  include  a  direct  reading  thermo¬ 
couple  thermometer,  1/2-inch  and  1-inch  diameter  primary  flow 
sensing  elements,  and  a  number  of  rotometers,  gauges,  and  mano¬ 
meters.  Pipe,  tubing,  and  flexible  hoses  varying  in  diameter 
from  1/8“  to. 2 M  are  available  to  deliver  air  to  devices  being 
tested. 

£aa  Turbine 

The  Airesearch  Corporation  gas  turbine  and  related  equipment 
are  housed  in  a  shed.  The  turbine  delivers  up  to 
155  Ibs/min  of  air  at  75  paig  and  540°P  from  its  final  compressor 
stage  to  a  manifold  located  along  the  outer  wall  of  the  shed. 
(Complete  specifications  are  given  in  Table  10.)  Two  1-inch 
diameter  ducts  return  the  air  to  the  shed  for  experimental  use, 
and  a  third  .duct  provides  air  for  use  outside  the  shed.  Hie  flow 
rate  through  each  of  the  duets  is  independently  controllable  from 
a  maximum  of  70  Ibe/min  by  butterfly  valves.  The  valves  are 
positioned  electrically  from  a  control  panel  (Pig.  22)  within 
the  shed.  The  control  panel  also  monitors  turbine  operations 
including  RPM,  oil  pressure,  and  electric  current  and  voltage. 

ftn  instrumentation  section  (Fig.  23)  has  been  constructed 
to  monitor  air  flowing  through  the  supply  ducts.  It  contains 
instruments  to  measure  hot  gas  temperature,  and  static  and  stagnation 
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TABLE  10..  ;  AIHES-E&ftCB  TORBILfB  B PECIFICATIOiJS 


FIGURE  22.  TURBINE  CONTROI* .  S&NEX. 


FIGURE  23  *  XNSTRUMEtiTftTl'CN  SECTION  INSTALLED-  ON 
OUTSIDE  SUPPLY  MUSIFQZiEr 


